New results have brought to light the importance of the regulation of glucagon by β-cells in the development of diabetes. In this perspective, we examine the normal paracrinology of α-and β-cells in nondiabetic pancreatic islets. We propose a Sherringtonian model of coordinated reciprocal secretory responses of these juxtaposed cells that secrete glucagon and insulin, hormones with opposing actions on the liver. As insulin is a powerful inhibitor of glucagon, we propose that within-islet inhibition of α-cells by β-cells creates an insulin-to-glucagon ratio that maintains glycemic stability even in extremes of glucose influx or efflux. By contrast, in type 1 diabetes mellitus, α-cells lack constant action of high insulin levels from juxtaposed β-cells. Replacement with exogenous insulin does not approach paracrine levels of secreted insulin except with high doses that "overinsulinize" the peripheral insulin targets, thereby promoting glycemic volatility. Based on the stable normoglycemia of mice with type 1 diabetes during suppression of glucagon with leptin, we conclude that, in the absence of paracrine regulation of α-cells, tonic inhibition of α-cells improves the dysregulated glucose homeostasis. These results have considerable medical implications, as they suggest new approaches to normalize the extreme volatility of glycemia in diabetic patients.
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glucagon | glycemic control | insulin | leptin | type 1 diabetes T raditional endocrinology focuses largely on actions of hormones on remote targets physically separated from the secreting organ. Scant attention is directed toward paracrine actions of hormones on target cells located within the secreting organ. In this perspective, we propose that certain paracrine interactions within the pancreatic islets play crucial roles in a vital homeostatic system and that disruption or dysfunction of these interactions can seriously compromise health.
Sherringtonian Paracrinology of α-and β-Cells
In his so-called Second Law, the British neurophysiologist Sir Charles Scott Sherrington proposed that reciprocal innervation of opposing muscles is required for coordinated muscular action. Thus, when the biceps contracts, the triceps must relax-and vice versa. Here we propose a Sherringtonian law of reciprocal secretion of the opposing hormones, insulin and glucagon, in tight coordination provided by the physical proximity of α-and β-cells. As insulin is a powerful glucagon suppressor (1) (2) (3) (4) , an increase in insulin will suppress glucagon secretion, and a decrease will increase it. We suggest that coordination of these two hormones, which diametrically oppose each other's action on hepatic fuel metabolism (5), provides a level of glycemic stability that could not otherwise exist.
The ability of insulin and glucagon to maintain blood glucose levels within a narrow range during extremes of caloric stress provides a critical survival asset (5). They make it possible to switch almost instantly from insulin-mediated stockpiling of surplus calories in time of nutrient abundance to glucagon-mediated retrieval of these calories in time of acute or chronic need, as in fight, flight, and famine situations. Insulin, the anabolic hormone, promotes the storage of unused calories as glycogen in liver and skeletal muscle and as triacylglycerol in adipose tissue. Glucagon, the catabolic hormone, regulates caloric retrieval and redistribution by activating glycogenolysis, ketogenesis, and gluconeogenesis (6, 7) . The relative concentrations of the two hormones help determine whether the liver functions as an organ of fuel storage or fuel production.
α-β-Cell Relationships in Rodents
Although the topography of islet cells differs in rodents and humans, in both species, β-cells form a core from which insulin can easily reach α-cells and manage their secretory activity before exiting the islet. In rodents, the β-cell core makes up approximately 70% of the total endocrine population of the microorgans (8) . The glucagon cells are arrayed in the periphery of the islet, so that only a minority of β-cells are juxtaposed to α-cells. However, the intraislet microcirculation appears to provide an insulin pathway from β-cells to α-cells (9) . Arteriolar blood enters the core of the islet, where β-cells enrich it with the highest insulin concentration in the body as it flows to the mantle of α-cells. The physiologic importance of this intraislet vascular connection between β-and α-cells is demonstrated by the fact that a neutralizing antiinsulin serum perfused into the artery of an isolated rat pancreas causes glucagon levels in the pancreatic venous effluent to soar precipitously, whereas nonimmune serum has no effect (10) . We propose that, in rodents, this microcirculatory connection between β-cells and α-cells accounts for the remarkably coordinated responses of α-and β-cells to minor changes in blood glucose.
α-β-Cell Relationships in Human Islets
The architecture of normal islets in man differs from that of rodents in two ways. First, in humans, the β-cells form a lower percentage of the endocrine population than in rodent islets, but as in rodent islets, they occupy a core position surrounded by mantles of α-cells in pseudolobular subdivisions, with blood vessels at their periphery (11, 12) . Second, in human islets the α-and β-cells are mixed together, with more than 70% of β-cells in contact with non-β-cells (13) (Fig. 1A) . If anything, the morphologic difference in the human islets compared with rodents would tend to increase the possibility of paracrine interactions.
In normal humans and rodents, β-cells respond to glucose with an immediate short-lived spike of insulin release, followed early in its downward course by a prolonged second phase (Fig. 1B) . Based on calculations from published patterns of insulin release from perfused rat pancreas (14), we estimate that first phase represents only approximately 7% of the total insulin released in response to a stimulatory challenge. This seems insufficient by itself to exert a significant glycemic effect. The second phase must therefore provide most of the insulin for systemic metabolic regulation. Could the function of the brief but dramatic initial insulin spike be a paracrine signal that suppresses glucagon whenever glucose level increases to minimize postprandial hyperglycemia? Normally the insulin spike is always accompanied by a reciprocal decrease in glucagon, consistent with the possibility that it exerts a paracrine suppressive effect on α-cells. Conversely, when insulin levels decrease in response to a decrease in glucose, normally a reciprocal increase in glucagon occurs (Fig.  1B) . We propose that it is these reciprocal changes in insulin and glucagon that provide the remarkable defense against glycemic perturbations that is characteristic of normal humans (Fig. 1C) . Although autonomic innervation must play an important role in the coordination of reciprocal secretion, as depicted schematically in Fig. 2 , normal regulation of α-cells requires the juxtaposed presence of normally functioning β-cells.
Paracrinopathy of α-Cells in Type 1 Diabetes
In type 1 diabetes mellitus (T1DM), β-cells are destroyed and largely replaced by α-cells (Fig. 3A) . These α-cells lack the tonic restraint normally provided by the high local concentrations of insulin from juxtaposed β-cells. As a consequence, inappropriate hyperglucagonemia ensues (1-4) (Fig. 3B) . It has become increasingly certain that the lethal catabolic consequences of complete insulin deficiency do not occur if the hyperglucagonemia is suppressed by somatostatin (15) (16) (17) or by leptin (18, 19) or if its action is blocked by drugs (20) or by genetic disruption of glucagon receptors. Glucagon receptornull mice remained completely normal for 2 to 3 mo despite complete insulin deficiency (18). This compelling evidence of the essentiality of hyperglucagonemia in mediating the lethal catabolic phenotype of insulin deficiency challenges one of the most deeply ingrained of all medical dogmas: that insulin lack alone is responsible for the phenotype of untreated T1DM and that it can be reversed or prevented only by insulin replacement. However, 40 y of evidence implicating hyperglucagonemia as the sine qua non of the T1DM phenotype now supports the concept that glucagon mediates the consequences of insulin deficiency.
Volatility Problem in T1DM
The single most serious therapeutic problem of open-loop insulin monotherapy of T1DM is glycemic volatility (Fig. 3C) . It is in part the result of paradoxical behavior by α-cells during glycemic change. This behavior can be ascribed to the fact that the paracrine insulin level required to suppress α-cells is at least 50 times the levels required for glucoregulation of the peripheral targets This means that the hypersecreting α-cells cannot be suppressed by injected insulin without simultaneously "overinsulinizing" the liver and posthepatic tissues, as can be deduced from Fig. 2B . It is not widely appreciated that, when glucose increases without a parallel insulin increase, hyperglycemia stimulates glucagon. This is crucially important in T1DM, in which insulin levels do not increase when glucose increases. The hyperglycemia will therefore paradoxically stimulate glucagon secretion (21, 22) , as illustrated in Fig. 4 . The mechanism of glucose stimulation of glucagon secretion is under investigation. And conversely, because in monotherapy with insulin, the levels of exogenous insulin do not decrease in parallel with a decrease in glucose, the increase in glucagon that would reverse the hypoglycemia cannot occur, as it does in nondiabetic subjects. It may, however, occur in T1DM patients receiving closed-loop insulin monotherapy (23, 24) . In other words, the response of glucagon to glycemic change is regulated by glucose-induced change in insulin. In longstanding T1DM, the ablated paracrine defense against Note the dramatic but short-lived spike of insulin secretion followed by a second, more prolonged, period of hyperinsulinemia. The dotted lines are intended to mark the full contour of the first phase, which is concealed by the second phase of insulin release. Note that the reciprocal change in glucagon occurs almost simultaneously with changes in insulin. (C) The range of plasma glucose levels in normal individuals. Even extremes of caloric stress do not raise or lower glycemia above this narrow range. Intensive exercise is marked by the gray arrows; oversized meal ingestion is marked by the black arrows. Fig. 2. (A) Representation of the Sherringtonian model of coordinated reciprocal paracrine hormone secretion in the regulation of homeostasis of fuel production and utilization. In this model, the β-cell controls basal α-cell secretion of glucagon via tonic paracrine inhibition. When a carbohydrate-containing meal stimulates insulin secretion, the paracrine insulin promptly suppresses the α-cells to reduce glucagon secretion and lower hepatic fuel production. Meanwhile, the endocrine insulin that enters the systemic circulation reduces hepatic fuel production by opposing glucagon action and also enhancing glucose uptake by skeletal muscle and adipocytes. (B) A representation of the paracrinopathy of T1DM and a novel strategy for its management. When the β-cells are absent and a paracrine source of insulin-mediated α-cell suppression is absent, unregulated hyperglucagonemia contributes to glycemic volatility. Peripheral injections of insulin cannot approach the high paracrine levels provided by local insulin secretion by juxtaposed β-cells without overinsulinizing the downstream targets of insulin, thus further destabilizing glycemia. By suppressing glucagon secretion with leptin, one can restore the tonic inhibition on α-cells while lowering peripheral insulin levels to a physiologic range and thus reduce risk of hypoglycemia.
hypoglycemia ultimately is further compromised T1DM by autonomic neuropathy that impairs the adrenergically mediated component of the α-cell response to glucopenia (25) .
Glucagon Suppression in the Management of the Paracrinopathy of T1DM
Recent studies have demonstrated remarkable antidiabetic properties of leptin, a powerful suppressor of glucagon (18, 19, 26) . Administration of recombinant leptin to insulin-deficient mice with uncontrolled T1DM reversed the entire catabolic syndrome as effectively as insulin. When leptin was added to lowdose insulin therapy at 10% of the optimal dose, the marked volatility of insulin monotherapy was eliminated (Fig. 5) . This effect was attributed to tonic suppression of hyperglucagonemia, which eliminated the hyperglycemia, plus the fact that leptin permitted a approximate 90% lowering of insulin levels, which reduced the hypoglycemia. It is not yet known if leptin suppresses α-cells by direct action, via hypothalamic targets, or both.
Leptin therapy in diabetic mice was accompanied by three highly desirable side effects (18) . The first was a remarkable reduction in the tissue content and the plasma concentrations of triacylglycerol and free fatty acid. Body fat was reduced well below the levels of insulin monotherapy, and lean body mass was increased. These changes would be expected to increase insulin sensitivity (27) . The second desirable side effect was a downregulation in the expression of cholesterologenic transcription factors SREBP-1a and SREB-2 and of 3-hydroxy-3-methyl glutaryl CoA reductase, the rate-limiting enzyme of cholesterol synthesis. Such changes might herald a reduction in the prevalence of coronary artery disease in T1DM patients, reported to exceed 90% after age 55 y (28, 29) . A final beneficial side effect was a reduction in appetite that should greatly facilitate compliance with dietary restrictions that are a vital part of every diabetic regimen.
Paracrinopathy in Human Type 2 Diabetes
Type 2 diabetes (T2DM) is, by definition, a hyperglycemic disorder in which β-cells are present. Histologically, α-and β-cells in patients with T2DM do not appear to differ topographically from those of the nondiabetic pancreas (Fig. 6A) . They are distributed in the same core-mantle arrangement and the frequency of contacts between α-and β-cells appears to be no less than in islets of nondiabetic humans (30) . Significantly, the hyperglycemia of T2DM is unaccompanied by the glycemic lability of T1DM (Fig. 6C) (31) . We attribute the stability of the hyperglycemia to restraint of glucagon secretion by β-cells juxtaposed to α-cells (Fig. 6A) . Both the absolute hyperglucagonemia of T1DM and its extreme glycemic lability are prevented.
The α-cell dysfunction in T2DM would seem to result from failure of the juxtaposed β-cells to secrete the first phase of insulin (Fig. 6B) (32) , or from insulin resistance of α-cells, or both. As mentioned, this insulin spike may be the key paracrine signal for prompt glucagon suppression by glucose. In its absence, glucagon is not suppressed and, as discussed, may even be paradoxically stimulated by the 4 . A demonstration of the "paradoxical" stimulation of glucagon secretion by hyperglycemia when unaccompanied by a concomitant increase in insulin. These experiments were performed in hypoinsulinemic alloxan-diabetic dogs, in which glucose was infused at a rate of 8.8 mg/kg/min to worsen the hyperglycemia. As blood glucose increased without an increase in insulin, glucagon levels increased paradoxically. Similar results have been obtained in cultured α-cells. These findings suggest that, in T1DM, the hyperglycemia induced by carbohydrate ingestion may be further exaggerated by inappropriate glucagon-stimulated hepatic glucose production [ Figure modified increasing glucose. In any case, T2DM is characterized by "relative" hyperglucagonemia, meaning that glucagon level is high relative to the ambient glucose level (33) .
The Future Four decades of glucagon research have firmly established its hormonal status and physiologic roles in normal glucose homeostasis and its pathogenic roles in diabetes. Interest in the hormone has been revived by the recent demonstration that leptin, like insulin and somatostatin, is a powerful suppressor of glucagon that dramatically restores insulin-deficient mice to normal. A merging of the morphologic, physiologic, and clinical findings spanning these decades points to a vital but underappreciated paracrine action of insulin on juxtaposed α-cells that is essential for stable glucose homeostasis. T1DM is characterized by loss of both paracrine and endocrine actions of insulin. Conventional insulin treatment corrects the endocrine insulin deficiency but does not fully correct the paracrine insulin deficiency to which we attribute the glycemic volatility o T1DM. Although closed-loop insuin monotherapy may eliminate volatility as well as bitherapy with low-dose insulin plus leptin, it would not be expected to exert the antilipogenic and anticholesterologenic effects ascribed to bitherapy (18) .The apparent ability to reduce glycemic volatility in T1DM rodents by tonic suppression of α-cells with leptin raises new hope for a vastly improved management strategy for human T1DM. This appears to be secondary to loss of the first-phase paracrine spike of insulin release immediately after the ingestion of a carbohydrate-containing meal. Without the spike, believed to be the cause of glucose-induced glucagon suppression, glucagon remains unsuppressed and elevated relative to the ambient glucose concentration. The failure of glucagon levels to decline during carbohydrate feeding exaggerates the postprandial hyperglycemia. (C) Despite the relative hyperglucagonemia and hyperglycemia, glycemic instability is not a problem in T2DM.
